SUMMARY
The Motin family proteins can regulate cell polarity, cell mobility and proliferation during embryonic development by controlling distinct signaling pathways. In this study, we demonstrate that amotl2 knockdown in zebrafish wild-type embryos results in embryonic dorsalization and this effect can be antagonized by co-knockdown of the dorsal inducer β-catenin2.
Overexpression of amotl2 in masterblind (mbl) homozygous embryos, in which canonical Wnt signaling is up-regulated due to an axin1 mutation, transforms eyeless phenotype into smaller eyes, whereas co-knockdown of amot, amotl1 and amotl2 leads to development of smaller eyes in mbl heterozygotes. In cultured mammalian cells, Motin family members all possess the ability to attenuate Wnt/β-catenin signaling. Focusing on Amotl2, we show that Amotl2 can associate with and trap β-catenin in the Rab11-positive recycling endosomes, and as a result, the amount of β-catenin in the cytosol and nucleus is reduced. Thus, our findings provide novel insights into functions of Motin family members and regulation of Wnt/β-catenin signaling.
Canonical Wnt signaling, a pathway conserved in metazoan from hydra to human, is implicated in tumorigenesis, cell proliferation, stem cell renewal and differentiation, cardiac hypertrophy, angiogenesis and embryonic development (1) (2) (3) (4) . In the absence of Wnt ligands, cytoplasmic β-catenin is phosphorylated and degraded by the destruction complex consisting of APC, Axin, GSK3β and CKI. After Wnt ligands bind to the receptors Frizzled and LRP5/6 on the membrane, β-catenin is stabilized by disassociating from the destruction complex and translocates into the nucleus where it binds to transcription factors TCF/LEF to initiate target gene transcription. Therefore, the regulation of β-catenin is the core event of Wnt/β-catenin signaling.
In zebrafish embryos, maternal and zygotic Wnt/β-catenin signaling functions differently (5) . Maternal β-catenin is crucial for the formation of the dorsal organizer before the onset of gastrulation (6, 7) . In contrast, zygotic Wnt/β-catenin signaling, which is activated in the ventral and lateral blastoderm during gastrulation, acts to prevent the expansion of the dorsal organizer after the onset of gastrulation (8, 9) . Following neural induction in vertebrate embryos, Wnt/β-catenin signaling functions to posteriorize the neuroectoderm, and therefore inhibition of this pathway in the anterior neuroectoderm is required for forebrain formation and eyes induction (10, 11) . For example, zebrafish masterblind (mbl) mutants, in which Wnt/β-catenin signaling is enhanced due to a point mutation in the GSK3β-binding domain of axin1 leading to weaker interaction between Axin1 and GSK3β, exhibit reduced or absent eyes and telencephalon (12, 13) .
The Motin protein family in vertebrates consists of three members, angiomotin (Amot), Angiomotin-like 1 (Amotl1) and Angiomotin-like 2 (Amotl2), which share conserved coiled-coil domain and PDZ binding motif (14) . These proteins have been demonstrated to play important roles in angiogenesis, cell mobility, cell polarity and cell-cell junctions by regulating distinct signaling pathways (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Interestingly, it appears that each Motin family members in human and mice has two isoforms, long and short isoform (14) , which function function differently in physiological processes (17, (25) (26) (27) (28) pCMV5-HA-Amotl2, pCMV5-myc-Dvl2, β-catenin N △ ,Wnt1 and LEF1 constructions were described previously (19, 20, 29) . Amotl2 truncation mutants were amplified by polymerase chain reaction (PCR) and cloned into pCMV5-HA or pXT7. The mutants Amotl2△C1, △C2, △C3, △N2, △N3, △N4 and △M3 retained aa1-182, 1-268, 1-485, 183-172, 269-721, 486-721 and 1-268 joining to 486-721 of wild-type Amotl2, respectively. Unless otherwise stated, Amotl2 was referred to as zebrafish Amotl2. Human AMOT, AMOTL1 and AMOTL2 coding sequences were individually amplified from the cDNAs derived from HEK293T cells and cloned into pXF2F-Flag.The shorter form of human AMOTL2 was amplified using the forward primer (5'-ATATAGCATATGGAGGCCGTGCTG AG-3') and the reverse primer (5'-ATATAGTCTAGATTAGATCAGTATC TCCACC-3'). The sequences of shRNA targeting human AMOT, AMOTL1 and AMOTL2 were previously described (21) . The sequence of scramble shRNA was the same as Addgene plasmid 1864 (30) . All the shRNA sequences were inserted into pLentiLox3.7. All of the constructs were verified by DNA sequencing.
Cell Culture and Cell Fractionation -HEK293T, HeLa and L cell lines were grown in DMEM medium (Gibco) with 10% fetal bovine serum (HyClone) and 1% penicillin/streptomycin (Invitrogen). The L Wnt3a cell line was grown in the same way except addition of 0.4 mg/ml G-418 into the culture medium. The L conditional medium (L CM) and Wnt3a conditional medium (Wnt3a CM) were generated following the protocol of ATCC. For Wnt stimulation treatments, L CM or Wnt3a CM was mixed with normal culture medium at the volume ratio 1:1. Cell fractionation was done as described (31) . The different fractions were collected separately for immunoblotting.
Luciferase Reporter Assay, Immunoblotting, Co-immunoprecipitation and Immunofluorescence-HEK293T cells lysates were used for luciferase reporter assay, immunoblotting and immunoprecipitation as described previously (20, 32, 33) . Each luciferase reporter assay was repeated three times and the average activity were calculated. Immunofluorescence was performed in HeLa cells as described (32) . Primary antibodies were as fellows: anti-HA (F-7), anti-β-catenin (H102), anti-α-tubulin (H-300) and anti-actin (I-19) from Santa Cruz; anti-Flag (F1804) from Sigma; and anti-Lamin B (ab16048) from Abcam. Secondary antibodies conjugated with HRP or DyLight Fluorescent Dyes were purchased from Jackson ImmunoResearch Laboratories.
Quantitative Real-time PCRQuantitative real-time PCR were performed as described previously (34) . The primers for AMOT were: 5'-CTTGATGGCCAATAAGCGTTGCCT-3 ' (forward) and 5'-GCAAGCCTGATCCAGCATTGGAAA-3' (reverse); those for AMOT1 were: 5'-ACCCAGCAGAAACATGGAAATGGC-3' (forward) and 5'-GGCATTCATGGCAA AGTGTCGGAT-3' (reverse); those for AMOTL2 were: 5'-ACATGACCAAGTGGGA GCAGAAGT-3' (forward) and 5'-ACCAGTGAGCAGACCCTCATTGAA-3' (reverse). The primers for AXIN2 were described by others (35) .
Morpholinos, mRNA Synthesis and Microinjection -antisense morpholinos targeting different zebrafish Motin members were: amotMO1 (5'-CCACTGACACAACTACCACCAAGT G-3') (36), amotl1MO1 (5'-CCTCGATC TCCAACTGCAAATGTTC-3') (37), and amotl2MO1 (5'-CTGATGATTC CTCTGCCGTTCTCAT-3') (19) . amotl2cMO1 (5'-TACTCTTGCCGTCTCCTTA GTAGTC-3') was a control which was inverted from amotl2MO1 (19) . The zebrafish β-catenin1 and β-catenin2 genes were depleted using morpholinos:
and β-cat2MO1 (5'-CCTTTAGCCTGAGCGACTTCCAAAC-3 ') (6). All morpholinos were synthesized from GeneTools, LLC, and injected alone or in combination into the yolk of zebrafish embryos at the one-cell stage.
Capped mRNAs were synthesized using T7 mMessage mMachine Kit (Ambion) according to the manufacturer's instructions. The synthesized mRNAs were purified using RNeasy Mini Kit (QIAGEN). amotl2 m mRNA contained base substitutions in amotl2MO1 recognition sequences (20) and were only used for rescuing amotl2MO1-induced phenotypes. All of the mRNAs were injected into the yolk of zebrafish embryos at the one-cell stage.
Whole-mount in Situ HybridizationCorresponding linearized plasmids were used for in vitro synthesizing antisense RNA in the presence of digoxingenin-UTP. Whole-mount in situ hybridization was performed following the standard procedure. Live embryos and stained embryos were mounted in 5% methylcellulose and glycerol respectively and photographed using a Leica MZ16 microscope with a Dage-MTI DC330 CCD camera. Immunohistochemical staining of b-catenin in embryos was carried out using anti-β-catenin antibody and DAB substrate.
Genotyping of mbl Embryos -Embryos produced by crosses of mbl heterozygotes were collected at 2 days postfertilization (dpf) after injection and genomic DNA was individually extracted. A 120-bp sequence at the mbl/axin1 locus was amplified by PCR using the forward primer (5'-GGATACCAAAGGATATTCACGTTG-3') and the reverse primer (5'-ACCCTCTTGAGACGCTCCTCCAGC -3') as described (13) . The amplified products were subjected to BpmI restriction digestion and then separated on agarose gels. The digest derived from the wild-type allele consisted of 80-bp and 40-bp fragments, but digest derived from the mutant allele was 120-bp long.
Statistical Analysis -Statistical analyses were performed with Office Excel. The values were showed as means ± standard deviation for at least three independent experiments. Two tailed t-test was performed to show the significant differences.
RESULTS
amotl2 Knockdown Dorsalizes Embryos in Zebrafish-We previously reported that amotl2 knockdown in zebrafish embryos, by injecting the antisense morpholino amotl2MO1, results in defects in epiboly and convergent and extension movements (19) . However, as observed at 24 hpf, we consistently noted that amotl2 morphants exhibited dorsalized phenotypes. Based on the degrees of dorsalization, the morphants could be categorized into four classes (Fig.  1A ). Class I embryos had a smaller tail; class II showed a smaller poster trunk with a curly tail and a shortened yolk extension; class III embryos had visible head structures, but curly trunk and tail; and class IV embryos had undistinguishable tissue structures sitting on the yolk ball. The ratio of severely dorsalized morphants (classes III and IV) increased as higher doses of amotl2MO1 were used (Fig. 1B) . Injection with 400 pg of amotl2 m mRNA alone or its co-injection with 5 ng of the control morpholino cMO1, did not cause obvious morphological changes at 24 hpf. However, its co-injection with 5 ng amotl2MO1 led to a marked decrease of the ratio of dorsalized embryos compared to 5 ng amotl2MO1 injection alone (Fig. 1B) . We then looked into the expression of dorsal and ventral markers in morphants during early development. The dorsal marker chordin (chd), which is expressed on the dorsal side in wild-type embryos, was expanded into the whole germ ring in 81.8% (n = 110) embryos injected with 3 ng amotl2MO1 at the 60% epiboly stage (Fig. 1C) , whereas the ventral marker eve1 was markedly reduced in 90.2% (n = 41) of similarly injected embryos at the 50% epiboly stage (Fig. 1D ). These observations support the idea that amotl2 knockdown results in embryonic dorsalization.
amotl2MO1-induced Dorsalization Is Associated with Up-regulation of Wnt/β-catenin Signaling-It has been found that β-catenin2-mediated maternal canonical Wnt signaling is essential for dorsal development of zebrafish embryos while maternal β-catenin1 has no effect (6). We asked whether embryonic dorsalization caused by amotl2 knockdown was related to up-regulation of Wnt/β-catenin signaling. To address this issue, we examined the expression of bozozok (boz), a direct target gene of Wnt/β-catenin signals (39) , in amotl2 morphants. In cMO1-injected embryos at the 30% epiboly stage, boz expression was restricted to the dorsal blastodermal margin (Fig. 1E) . In contrast, boz expression could be detected in the whole germ ring in 87.5% (n = 40) of amotl2 morphants (Fig.  1E ). Immunostaining experiments revealed that more blastomeres of amotl2 morphants had more nuclear β-catenin compared to those in control embryos (Fig. 1F ). In addition, only a small proportion of embryos co-injected with 5 ng amotl2MO1 and 20 ng β-catenin2MO1 exhibited dorsalized phenotypes compared to those co-injected with 5 ng amotl2MO1 and 20 ng β-catenin1MO1 (Fig. 1G) , which was indicative of an antagonistic effect. These results together suggest that amotl2 knockdown up-regulates Wnt/β-catenin signaling and as a result causes embryonic dorsalization.
amotl2 Overexpression Rescues the Eyeless Phenotype of masterblind Mutants -To further confirm the involvement of amotl2 in Wnt/β-catenin signaling, we performed amolt2 overexpression or knockdown in mbl mutants, which carry a mutation in the axin1 locus resulting in up-regulated Wnt/β-catenin signaling (13) . Among 145 embryos observed at 3 dpf, which were produced by crosses between mbl heterozygotes (Tubingen background), 37 (25.5%) did not have eyes (eyeless phenotype), 1 (0.7%) had smaller eyes, and 107 had eyes of normal size (Fig. 2, A and  C) , suggesting a Mendelian segregation of the eyeless phenotype. When amotl2 mRNA was injected into one-cell stage embryos of mbl intercrosses at a dose of 400 pg, only 2.5% (n = 121) of embryos at 3 dpf exhibited the eyeless phenotype and 17.4% had a pair of smaller eyes or one smaller eye with the other disappeared (Fig. 2, B and C) , suggesting that the eyes of a large proportion of mbl mutants were partially recovered by amotl2 overexpression. Genotyping of a batch of injected embryos disclosed that all of 10 analyzed embryos with smaller eyes were mbl -/-mutants, two tested eyeless embryos were also homozygous mutants, while 10 embryos with normal eyes had either mbl +/+ (4/10) or mbl +/-(6/10) genotypes (Fig. 2D) . Thus, we conclude that amotl2 overexpression can rescue the eyeless phenotype of mbl -/-mutants.
Next, we asked whether amotl2 knockdown could enhance the abnormal eye phenotype of mbl mutants. To avoid early dorsoventral patterning defects caused by a high dose (5 ng) of amotl2MO1, we reduced the injection dose of amotl2MO1 to 2 ng, which did not produce obvious morphological defects when applied to wild-type embryos (20) . When embryos produced from mbl intercrosses were injected with amotl2MO1 at this dose, the ratio of embryos with eyeless phenotype was not biased. Individual knockdown of amot and amotl1, two other genes of Motin family in the zebrafish genome, did not prejudice the ratio of eyeless embryos among those of mbl intercrosses. However, when amotl2, amotl1 and amot in embryos of mbl intercrosses were simultaneously knocked down, 24.8% (n=399) had smaller eyes at 3dp in addition to 22.6% showing the eyeless phenotype (Fig. 2C) . Genotyping of triple knockdown embryos indicated that all of 10 analyzed embryos with smaller eyes were heterozygous for mbl (mbl +/-), two eyeless embryos were mutants, while embryos with normal eyes had heterogeneous genotypes (mbl +/+ or mbl +/-) (Fig. 2E) . These data support the idea that simultaneous depletion of Motin family members can suppress eye development of mbl heterozygotes.
Amotl2 inhibits Wnt/β-catenin Signaling in Mammalian Cells -The above data obtained in zebrafish embryos suggest that Amotl2 inhibits Wnt/β-catenin signaling. To elucidate the underlying mechanism, we switched to mammalian cell system for easy manipulations. The expression of the Wnt responsive reporter Super TOPFlash in HEK293T cells was activated in the Wnt3a conditional medium and co-transfection of zebrafish Amotl2 inhibited the activated reporter expression (Fig. 3A) . Amotl2 also attenuated Wnt1-activated TOPFlash reporter expression in a dose dependent manner (Fig. 3B) . The Wnt-stimulated expression of endogenous AXIN2, a direct target gene of Wnt/β-catenin signaling, was also inhibited by overexpression of zebrafish Amotl2 (Fig. 3C) . Like zebrafish Amotl2, overexpression of human AMOT, AMOTL1 or AMOTL2 in HEK293T cells all repressed Wnt1-activated TOPFlash reporter expression (Fig. 3D) . These results indicate that all members of Motin family are able to interfere in Wnt signaling.
To test whether endogenous Motin proteins act to suppress Wnt signaling, we used shRNA to knock down AMOT, AMOTL1 and AMOTL2 in HEK293T cells (Fig. 3, E and F) . Individual knockdown of these genes failed to significantly activate TOPFlash expression in HEK293T cells (Fig. 3G) . However, co-knockdown of the three genes resulted in a significant increase of the reporter expression. These results suggest that members of Motin family are functionally redundant and are required for repression of Wnt signaling.
Amotl2 Blocks β-catenin Nuclear Accumulation by Detaining It in Cytoplasmic Punctate StructuresWnt/β-catenin signaling consists of multiple steps and involves many proteins (40) . We set to determine at which step Amotl2 could inhibit Wnt/β-catenin signaling. The reporter assays in HEK293T cells showed that co-transfection of Amotl2 was able to suppress the TOPFlash reporter expression activated by Wnt3a conditional medium, transfection of plasmids Wnt1, Dvl2 or β-cateninΔN (constitutively active form due to loss of GSK3β-binding domain), or treatment with the GSK3β inhibitors LiCl and SB216763 while it failed to block LEF1-promoted reporter expression (Fig.  4A) . These results indicate that Amotl2 most likely plays a role in regulating β-catenin function.
Then we tested whether intracellular locations of endogenous β-catenin could be affected by transfection of Amotl2. Western blot analysis revealed that overexpressed HA-Amotl2 protein in HEK293T cells was detected in cytosolic and organellar fractions but not in nuclear fraction (Fig.  4B ). LiCl treatment led to an increase of β-catenin protein in cytosolic, nuclear and organellar fractions (Fig. 4B) . When LiCl was applied, overexpression of Amotl2 caused a decrease of β-catenin in cytosolic and nuclear fractions but an increase in the organellar fraction (Fig. 4B) . These results imply that Amotl2 overexpression may reduce cytosolic and nuclear β-catenin by recruiting it in some cytoplasmic organelles. Co-immunoprecipitation experiments disclosed that co-expressed HA-Amotl2 could interact with endogenous β-catenin (Fig. 4, C and D) . We performed immunofluorescence assay to detect the locations of Amotl2 and β-catenin in HeLa cells. In cells without LiCl treatment, HA-Amotl2 and endogenous β-catenin were co-localized in cytoplasmic punctate structures (Fig. 4E, upper panel) . LiCl treatment led to nuclear accumulation of β-catenin, but this effect was blocked by overexpression of HA-Amotl2 (Fig. 4E,  lower panel) . We hypothesize that Amotl2 prevents translocation of β-catenin into nuclei by retaining it in cytoplasmic punctate structures.
The N-terminal Glutamine-rich and the Middle Coiled-coil Domain 1 Are Essential For Amotl2 to Inhibit Wnt/β-catenin
Signaling-To identify domains of Amotl2 for inhibiting Wnt/β-catenin signaling, we generated various truncation mutant forms of zebrafish Amotl2 (Fig. 5A) . Reporter assays in HEK293T cells showed that transfection of Amotl2ΔC3, which retained the N-terminal glutamine-rich and the first coiled-coil domain, attenuated Wnt1-stimulated TOPFlash reporter expression, and that overexpression of the mutant forms without either of these domains failed to efficiently block the reporter expression (Fig. 5B) . Further co-immunoprecipitation analysis showed that Amotl2ΔN2, a mutant lacking the N-terminal glutamine-rich domain, could not interact with β-catenin, but Amotl2ΔC3 lacking the C-terminal PDZ-binding motif still associated with β-catenin (Fig. 5C ). These data suggest that the N-terminal glutamine-rich and the middle coiled-coil domain 1 mediate the inhibitory effect of Amotl2 on Wnt/β-catenin signaling while the C-terminal PDZ-binding domain is not required for this function. Interestingly, a human cDNA deposited in the GenBank (accession number AAH11454) encodes a 466-aa peptide, a short isoform lacking 1-313 aa of the full (long) AMOTL2 (780 aa) and resembling our Amotl2ΔN3 mutant. Reporter assays showed that human full-length AMOTL2 but not short AMOTL2 was able to inhibit Wnt1-stimulated TOPFlash reporter expression (Fig. 5D) . The physiological importance of the short AMOTL2 needs to be investigated in the future.
We next examined, by immunofluorescence staining, the subcellular localization of representative Amotl2 mutants in HeLa cells. As shown in Fig. 5E , Amotl2ΔC3 was distributed in a way similar to full-length Amotl2 (Fig. 4E) and was co-localized with β-catenin in cytoplasmic punctate structures; however, Amotl2ΔN2 was rarely co-localized with β-catenin though it appeared to be in some punctuate structures; Amotl2ΔM3 was evenly distributed in the cytosol. Following LiCl treatment, Amotl2ΔC3, but not Amotl2ΔN2 or Amotl2ΔM3, could inhibit with nuclear accumulation of β-catenin (Fig.  5F ). These results support the idea that Amotl2 requires the N-terminal glutamine-rich domain and the middle coiled-coil domain for capturing β-catenin in specialized cytosolic vesicles.
To investigate the requirement of the N-terminal glutamine-rich and the middle coiled-coil domain 1 for Amotl2 functioning in vivo, we injected one-cell stage embryos of mbl intercrosses with mRNA of the representative amotl2 mutant amotl2ΔN2 or amotl2ΔC3. Like full length amotl2 mRNA, amotl2ΔC3 injection markedly reduced the ratio of eyeless embryos at 30 hpf while amotl2ΔN2 had no effect (Fig. 5G) . Therefore, the N-terminal glutamine-rich and the middle coiled-coil domains of Amotl2 is essential for Amotl2 function in zebrafish embryos.
Amotl2 Is Localized in Recycling
Endosomes -A previous report demonstrates that AMOT is localized in endocytic recycling compartments through the coiled-coil domain (41) . We asked whether the Amotl2-containing cytosolic punctuate structures are also recycling compartments. Co-immunostaining analyses showed that Amotl2 was co-localized with the recycling endosomal marker Rab11, but not with the early endosomal marker Rab5 or the late endosomal marker Rab7 (Fig. 6A) . Furthermore, HA-Amotl2, Rab11-GFP and endogenous b-catenin could be detected in some vesicles (Fig. 6B) . Therefore, we conclude that Amotl2 binds to and arrest β-catenin in recycling endosomes.
DISCUSSION
Although Motin family members have been shown to control cell migration, proliferation and differentiation by regulating several signaling pathways, it is unclear whether they could play a role in embryonic patterning and participate in canonical Wnt signaling. In this study, we demonstrate that amotl2 is essential for repressing dorsal development and normal development of the forebrain/eye development in zebrafish embryos. Mechanistically, Amolt2 can associate with and trap β-catenin in Rab11-positive recycling endosomes and thus prevent translocation of β-catenin into nuclei.
In zebrafish, amot, amotl1 and amotl2 are all expressed during early development. We found that amotl2 knockdown alone caused embryonic dorsalization whereas knockdown of amot or amotl1 knockdown (even at a dose of 10 ng) did not affect early development. It is likely that, among the Motin family members, amotl2 is a major player in germ layer formation and immediate patterning process. Injection of 2 ng amotl2MO1 into one-cell embryos derived from mbl heterozygote matings did not change the ratio of eyeless embryos at later stages. Similarly, injection of 4 ng (or 10 ng) amotMO or amotl1MO did not affect eye development. However, co-injection of three MOs converted normal eyes of mbl heterozygotes into smaller eyes (Fig. 2, C  and D) . Since repression of Wnt/β-catenin signaling is crucial for the forebrain and eye development after the onset of gastrulation (10, 11) , we believe that all of the Motin family members are required for controlling this signaling pathway during the anteroposterior patterning of the neuroectoderm. Much more work are needed in the future to address the specific and cooperative functions of Motin family members in various developmental processes.
We showed that zebrafish Amotl2, human AMOT, AMOTL1 or AMOTL2 overexpressed in HEK293T cells could inhibit Wnt/β-catenin reporter expression (Fig. 3, A and D) . Co-knockdown but not individual knockdown of human Motin genes by shRNA enhanced Wnt/β-catenin signaling (Fig. 3G) . Therefore, all of three Motin members function to repress Wnt/β-catenin signaling. Focusing on zebrafish Amotl2, we demonstrated that Amotl2 trapped β-catenin in Rab11-posititve recycling endosomes, which resulted in a reduction of cytosolic and nuclear β-catenin. It appears that Amotl2 is involved in intracellular trafficking of β-catenin. It has been well known that β-catenin not only transduces Wnt signals but participates in cadherins-mediated cell adhesions (42) . Redistribution of intracellular β-catenin may require active endocytosis and exocytosis (43, 44) . However, we did not observe an obvious increase of β-catenin attached to the plasma membrane in Amotl2-overexpressing cells by immunofluorescence analysis. Overexpression of Amotl2 in HEK293T cells did not increase the amount of β-catenin bound to Cadherins as examined by co-immunoprecipitation (data not shown). These observations exclude the possibility that Amotl2 promotes cell adhesion, which is consistent with our previous finding that Amotl2 overexpression accelerates cell migration (19, 20) . Therefore, Amotl2 may just act to recruit free cytosolic β-catenin to recycling endosomes, which may be released into the cytosol upon unknown stimulation.
We have previously shown that Amotl2 can up-regulate FGF/MAPK signaling and phosphorylation of tyrosine 103 is necessary for this function (20) . MAPK signaling has been found to enhance Wnt/β-catenin signaling by phosphorylating and inactivating GSK3β (45) . Logically, one would not believe that Motin proteins suppress Wnt/β-catenin signal by activating MAPK pathway. Nevertheless, we found that Amotl2(Y103F) mutant, which loses the ability to up-regulate FGF/MAPK signaling (20) , still suppressed Wnt1-or LiCl-stimulated Super TOPFlash reporter expression (data not shown). This result excludes the possibility that Amotl2 suppresses Wnt/β-catenin signaling through activation of the MAPK cascade.
Motin proteins have been reported to regulate Hippo signaling pathway by activating LATS and trapping YAP and TAZ in the cytoplasm (21, 23, 31, 46 
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FIGURE LEGENDS FIGURE 1. amotl2 knockdown results in embryonic dorsalization. Wild-type embryos at the one-cell stage were injected with indicated morpholinos and mRNA and observed at later stages. A, morphology of representative live embryos at 24 hpf. The dorsalized phenotypes of types I-V were shown. All embryos were viewed laterally. B, percentage of embryos in different categories after amotl2 knockdown. n, the number of analyzed embryos. Higher doses of amotl2MO1 caused more severe dorsalization that was rescued by co-injection of amotl2 m mRNA. C-E, expansion of the dorsal markers chd (C) and the Wnt target boz (E) and reduction of the ventral makrer eve1 (D) in amotl2 morphants, detected by in situ hybridization. amotl2 morphants developed slower and so were fixed when they matched the indicated stages of control embryos. F, immunohistochemical staining of β-catenin in embryos using anti-β-catenin antibody. Upper panel, animal-pole views; lower panel, dorsal view with animal-pole to the top. G, percentage of embryos in different categories after amotl2 and β-catenin1/β-catenin2 co-knockdown. Co-injection of β-cat2MO but not β-cat1MO lessened amotl2MO1-induced dorsalization. FIGURE 2. amotl2 overexpression or knockdown in mbl embryos affects eye phenotypes. All of used embryos were derived from crosses of mbl hetergygotes. A and B, different types of eyes of uninjected (A) or amotl2 mRNA-injected (B) live embryos at 3 dpf. The heads were shown. Large solid, small solid and small empty arrowheads indicated normal eyes, small eyes and absence of eyes, respectively. C, ratios of embryos with different eye phenotypes at 3 dpf. Injection doses: cMO1, amotMO1 and amotl1MO1, 10 ng; amotl2MO1, 2 ng amotl2MO + 8 ng cMO1; 3MOs, 4 ng amotMO1 + 4 ng amotl1MO1 + 2 ng amotl2MO1; amotl2 mRNA, 400 pg. D and E, Genotyping of individual embryos with different eye types after injection with 400 pg amotl2 mRNA (D) or 3MOs (E). BpmI digests of amplified fragments from individual embryos were separated on agarose gels. M, molecular weight markers; w.a., wild-type allele; m.a., mutant allele. . Flag-GFP and scramble shRNA (scr) were served as transfection and specificity control, respectively. G, simultaneous knockdown of three Motin family members up-regulated Wnt1-stimulated Super TOPflash expression. The luciferase activity was normalized to that using scramble shRNA. Statistical significance levels: **, P < 0.01; ***, P < 0.001.
FIGURE 4:
Amotl2 interacts with β-catenin and arrests it in cytoplasmic punctate structures. A, transfection of zebrafish Amotl2 inhibited TOPFlash reporter expression activated by different ways in HEK293T cells. The reporter was activated by co-transfection of Wnt1, Dvl2, β-cateninΔN or LEF1 or by addition of Wnt3a CM, LiCl or SB216763. **, P<0.01; ***, P<0.001. B, transfection of Amotl2 reduced cytosolic and nuclear β-catenin but enriched it in organellar fraction in HEK293T cells. LiCl was added to a final concentration of 30 mM 44 h after transfection. 4 h later, cells were collected and subjected to cell fractionation assay. α-TUBULIN, LAMIN B and ACTIN were markers for cytosolic, nuclear and organellar fractions respectively. C and D, zebrafish Amotl2 expressed in HEK293T cells associated with endogenous β-catenin. IP: immunoprecipitation; IB, immunoblot. E, Amotl2 co-localized with β-catenin in cytoplasmic punctuate structures and resulted in a reduction of nuclear β-catenin in HeLa cells. 22 h after transfection of HA-Amotl2, LiCl was added to a final concentration of 30 mM and cells were subjected to immunofluorescence assay 2 h later using anti-HA and anti-β-catenin antibodies. Arrows indicated cells expressing Amotl2 had reduced nuclear β-catenin. A, HA-Amotl2 was co-localized with Rab11-GFP but not Rab5-GFP and Rab7-GFP. HA-Amotl2 was co-transfected with Rab5-GFP, Rab7-GFP or Rab11-GFP into HeLa cells, respectively. 24 h after transfection, cells were subjected to immunostaining using anti-HA antibody and DAPI and observed by confocal microscopy. B, HA-Amotl2 was co-localized with Rab11-GFP and endogenous β-catenin. HA-Amotl2 and Rab11-GFP were co-transfected into HeLa cells. Cells were immunostained 24 h after transfection using anti-HA and anti-β-catenin antibodies as well as DAPI. A single cell was shown for individual markers (upper panel) and for merged multiple markers (lower panel).
